The rhodopsin crystal structure provides a structural basis for understanding the function of this and other G protein-coupled receptors (GPCRs). The major structural motifs observed for rhodopsin are expected to carry over to other GPCRs, and the mechanism of transformation of the receptor from inactive to active forms is thus likely conserved. Moreover, the high expression level of rhodopsin in the retina, its specific localization in the internal disks of the photoreceptor structures [termed rod outer segments (ROS)], and the lack of other highly abundant membrane proteins allow rhodopsin to be examined in the native disk membranes by a number of methods. The results of these investigations provide evidence of the propensity of rhodopsin and, most likely, other GPCRs to dimerize, a property that may be pertinent to their function. 
BACKGROUND AND SCOPE
G protein-coupled receptors (GPCRs) constitute by far the largest family of cell surface proteins involved in signaling across biological membranes. All GPCRs share a common seven α-helical transmembrane architecture (1) . For most GPCRs, the external signal is a small molecule that binds to the membraneembedded receptor and causes it to undergo a conformational change. The conformational change on the intracellular surface of the receptor results in the binding and activation of several (2, 3) or hundreds (4, 5) of heterotrimeric guanylate nucleotide-binding protein (G protein) molecules by a universal mechanism. Although GPCRs couple to G proteins, these receptors are also referred to as seven-transmembrane receptors, reflecting their seven membrane-embedded helices and additional signaling independent of G proteins (6, 7) .
The GPCR superfamily encompasses approximately 950 genes in the human genome, including ∼500 sensory GPCRs (8) (9) (10) . GPCRs modulate an extremely wide range of physiological processes, and mutations in the genes encoding these receptors have been implicated in numerous diseases. It is, thus, not surprising that these receptors form the largest class of therapeutic targets (e.g., see [11] [12] [13] . Mammalian GPCRs are usually grouped by amino acid sequence similarities into the three distinct families A, B, and C (e.g., see 6, 7). More recently, the International Union of Pharmacology Committee on Receptor Nomenclature and Drug Classification published reports on the nomenclature and pharmacology of GPCRs that consider their predicted structure, pharmacology, and roles in physiology and pathology [(14) ; see also http://www.iuphar.org/ nciuphar arti.html and http://www.iuphardb.org/iuphar-rd/].
In vision, rhodopsin in rod photoreceptors and cone opsins in cone photoreceptors respond to light (15, 16) . Their chromophore, 11-cis-retinal, is covalently bound via a protonated Schiff base to the polypeptide chains of each opsin, embedded within the transmembrane domain. Upon absorption of a photon, the chromophore undergoes photoisomerization to all-trans-retinylidene, inducing a correspondent change in the opsin from its inactive to its active conformation. The active form, known as Meta II, then recruits and binds intracellular G proteins, continuing the visual signal cascade that culminates in an electrical impulse to the visual cortex of the brain. Soon after, opsin and the chromophore recombine to regenerate fresh rhodopsin. Progress in understanding how rhodopsin works has been steady during the past 120 years; however, recognition of rhodopsin as a member of the GPCR family, roughly 20 years ago, greatly enhanced interest in this receptor (16a). Remarkable advancements, which have benefited the GPCR field in general, have been achieved from studying rhodopsin. More recently, structural, genetic, and biochemical studies of rhodopsin have revealed unanticipated properties of this receptor, and a number of summary publications are available (References 1 and 16-25 to cite a few). The activation mechanism of rhodopsin has been extensively discussed on the basis of existing data (16, 21, 24, 26) . Here, I summarize recent work on rhodopsin in relation to the receptor structure, the ligand-binding site, dimerization as a widespread property of GPCRs, and the interaction with the cognate G protein.
RHODOPSIN
Retinal rod cells (also known as photoreceptor cells) are highly differentiated neurons responsible for detecting photons (Figure 1 ) (27) . A specialized part of the rod cell, the rod outer segment (ROS) (Figure 1a,b) , contains rhodopsin and auxiliary proteins, which convert and amplify the light signal (28) . The system is so exquisitely sensitive that a single photon can be detected [(29) , and more recently (30) ]. Each mammalian ROS consists of a pancake-like stack of 1000-2000 distinct disks enclosed by the plasma membrane (Figure 1c) . The main protein component (>90%) of the bilayered disk membranes is light-sensitive rhodopsin. Approximately 50% of the disk membrane area is occupied by rhodopsin, whereas the remaining space is filled with phospholipids and cholesterol (Figure 1d ). Rhodopsin is also present at a lower density in the plasma membrane (31) . The ROS of wild-type mice have an average length of 23.6 ± 0.4 μm (32) or 23.8 ± 1.0 μm (33) and contain on average 810 ± 10 disks (33) . Given the approximately 6.4 × 10 6 rods in the mouse retina (34) , this translates to ∼5 × 10 9 disks per retina. The total amount of rhodopsin per eye is ∼650 pmoles (650 × 10 −12 × 6.022 × 10 23 = 3.96 × 10 14 rhodopsin molecules); thus there are ∼8 × 10 4 rhodopsin molecules per disk. The size of ROS is reduced when animals are exposed for a prolonged period to light, a phenomenon described as photostasis (35) and for which the molecular mechanism has not yet been elucidated. Rhodopsin expression is essential for the formation of the ROS, which are absent in knockout rhodopsin-/-mice (36, 37) . The ROS of mice heterozygous for the rhodopsin gene deletion (rhodopsin+/−) have a similar density of rhodopsin, but the (33) .
Synthesis of the seven-transmembrane apoprotein portion of rhodopsin, called opsin, begins in the inner segments of photoreceptors, where it undergoes maturation in the endoplasmic reticulum (ER) and Golgi membranes before it is transported vectorially to the ROS. The C-terminal region of the protein is essential for interaction with the transport machinery that delivers the cargo of transmembrane-and membrane-associated proteins on membrane vesicles to the ROS (38) (39) (40) . Specifically, the C-terminal-sorting motif of rhodopsin binds to the small GTPase ARF4, a member of the ARF family of membrane-budding and protein-sorting regulators (41) , whereas the sorting protein rab8 is implicated in docking of post-Golgi membranes containing rhodopsin in rods (42) . The transport of a rhodopsin mutant lacking the C-terminal region to the ROS does not occur in vivo, and the mutant is piggybacked to the ROS only in the presence of wild-type rhodopsin (43, 44) . The regeneration of rhodopsin from opsin and its chromophore 11-cis-retinal is not essential for vectorial transport to the ROS, as mice deficient in chromophore production still develop ROS (45, 46) . However, because of the continuous coupling of opsin with G proteins, these rods slowly degenerate (47) (48) (49) (50) (51) .
On the basis of the predicted structure, conservation of few amino acids in the region critical for G protein activation, and activation by small ligand, rhodopsin belongs to the largest subfamily of GPCRs (family A) (10) . More than a century of extensive biochemical, biophysical, and structural information collected on rhodopsin has given rise to its status as a prototypical receptor of this family. Several efficient methods were developed to isolate rhodopsin, including selective extraction from the ROS in the presence of divalent metal ions (52, 53) and immunoaffinity chromatography (54) (summarized in Reference 6). Bovine retina is an extraordinary Vertebrate retina and rhodopsin. (a) Scanning electroretinogram of mouse retina [courtesy of Yan Liang (33) ]. Rod cells comprise ∼70% of all 6.4 million retinal cells, and cone cells represent <2%. Rods are postmitotic neurons with highly differentiated rod outer segments (ROS) connected to the inner segments (IS), which generate proteins and energy to sustain phototransduction events. (b) Diagram depicting the rod cell. The processes in ROS allow rapid transduction of the light signal to graded hyperpolarization of the plasma membrane, ensuing from the decrease of light-sensitive conductance in the ROS cGMP-gated cation channels. In ROS, hundreds of distinct, rhodopsin-loaded disk membranes (20) are enveloped by the plasma membrane. (c) Electron micrograph of isolated ROS from the mouse retina [courtesy of Yan Liang (33) ]. The disk membranes consist of a phospholipid bilayer studded with rhodopsin. (d ) Diagram of disk membranes. The main protein of ROS disk membranes is light-sensitive rhodopsin, which occupies 50% of the disk area. The molar ratio between rhodopsin and phospholipids is about 1:60 (for example 138 and 139; reviewed in 140). Multiple techniques suggest that rhodopsin forms oligomeric structures in the native membranes, with the rhodopsin dimer most likely being the signaling unit.
source of native protein that yields ∼0.7 mg rhodopsin per retina (16) . Bovine rhodopsin consists of a 348-amino acid apoprotein opsin and 11-cis-retinal, which is bound to the protein through a Schiff-base linkage to a Lys 296 side chain (Figure 2a,b) . Protein posttranslational modifications include double palmitoylation, acetylation of the N terminus, glycosylation with two (Man) 3 (GlcNAc) 3 groups via two asparagine residues, and a disulfide bond (Figure 2a) . In addition, rhodopsin undergoes a light-dependent phosphorylation at one or a few of the six to seven Ser/Thr residues at the C-terminal region (reviewed in 55).
Rhodopsin changes in color upon exposure to light, as described by Kühne (see translations in References 56 and 57; also see the side bar Discovery of Rhodopsin). In ordinary conditions, absorption of a photon of light causes photoisomerization of 11-cisretinylidene to all-trans-retinylidene, with an accompanying shift in the λ max of absorption bovine rhodopsin from 498 nm to 380 nm (Figure 3a-c) . Ultimately, the Schiff base is hydrolyzed, and all-trans-retinal is reduced by retinol dehydrogenase to all-trans-retinol (reviewed in 15 and 58) . The change in the λ max of absorption after the illumination of rhodopsin is a very sensitive parameter, which has been correlated with the receptor conformation in numerous studies (Figure 3d ) . A number of intermediates were trapped at low temperatures, and the equilibrium between slowly formed species of photoisomerized rhodopsin was shown to be affected by ionic strength, pH, glycerol, and temperature (Figure 3d ). The main conclusions of these spectroscopic studies in conjunction with the current structural understanding of rhodopsin can be summarized as follows:
1. Prior to any change in protein conformation, the energy of the photon is stored by the chromophore in its highly distorted all-trans-retinylidene form in the same binding pocket where it resides in the dark state as 11-cis-retinylidene. Rohring et al. (60) suggested that the protein-binding pocket selects and accelerates the isomerization exclusively around the C 11 -C 12 bond, resulting in the formation of a twisted structure; "hence, the initial step of vision can be viewed as the compression of a molecular spring that can then release its strain by altering the protein environment in a highly specific manner" (60). the photoactivation of 1 to 10,000 rhodopsin molecules out of the ∼8 × 10 7 per rod. A single photon is sufficient to consistently generate a measurable response. As mentioned above, in cases when opsin fails to reunite with the chromophore to regenerate rhodopsin, the persistent activation of G proteins by opsin destabilizes and eventually damages the rod cell (40) (41) (42) (43) (44) . As a note of interest, rhodopsin in the lancelet Branchiostoma is regenerated by the agonist all-trans-retinal as well as by 11-cis-retinal, suggesting that the structures of opsin and rhodopsin are similar (62, 63) .
DISCOVERY OF RHODOPSIN

OVERVIEW OF THE RHODOPSIN STRUCTURE
The structure of rhodopsin is only briefly described because the specific structural features of the receptor were described fully in the original research (20, (64) (65) (66) (67) and previous review publications (16, 18, 19) . The overall elliptic, cylindrical shape of the rhodopsin molecule is due to arrangement of its seven transmembrane helices, which vary in length from 20 to 33 residues (Figure 2a,b) . The N-terminal region is located intradiscally (extracellularly) (Figures 1d and 2a,b) , and the C-terminal region is cytoplasmic. The dimensions of rhodopsin, described by a ellipsoid, are ∼75Å perpendicular to the membrane, ∼48Å wide in the standard view, and ∼35Å thick. The surface area of the portions projecting from the membrane is ∼1200Å 2 , with the cytoplasmic projection larger in volume and surface area than the intradiscal face (Figure 2b) . The distribution of mass for the intra-and extracellular regions is comparable, whereas the transmembrane region encompasses ∼65% of the amino acids. The chromophore is located within this hydrophobic transmembrane core (Figure 2b ; see also the Chromophore side bar).
The transmembrane helices are irregular, particularly with respect to the degree of Modification of rhodopsin molecule and orientation in the membranes. (a) Two-dimensional model of rhodopsin. The polypeptide of rhodopsin crosses the membrane seven times. C-I, C-II, and C-III correspond to the cytoplasmic loops, and E-I, E-II, and E-III correspond to extracellular loops. The transmembrane segment is α-helical ( yellow cylinders), although the helices are highly distorted and tilted. The stability of the helical segment is increased by the Cys 110 -Cys 187 bridge (141) (depicted in dark yellow) a highly conserved feature among many GPCRs. The chromophore, 11-cis-retinal, not depicted here, is attached to Lys 296 (dark red ) via a protonated Schiff base. The positive charge of the base is neutralized by counterion Glu 113 (blue). During postisomerization changes in the receptor, it was proposed that the counterion migrates to Glu 181 (blue) (76) . Asn 2 and Asn 15 (red ) are sites of glycosylation within the conserved glycan composition, and Met 1 (orange) is acetylated. Cys 322 and Cys 323 (light green) are palmitoylated, whereas two other Cys, Cys 140 and Cys 316 (brown), are reactive to many chemical probes and are used to explore rhodopsin's structure. Rhodopsin, when exposed to light, is phosphorylated by rhodopsin kinase (or G protein-coupled receptor kinase 1). The predominant phosphorylation sites are Ser 334 , Ser 338 , and Ser 343 (green) (55) , and the whole C-terminal region is highly mobile (142) . However, as shown using a model peptide, the C-terminal region may become structured when bound to arrestin (143) . The highly conserved domains among GPCRs, D(E)RY in helix 3 and NPXXY in helix VII ( gray), are important in transformation of the receptor from an inactive to a G protein-coupled conformation. Different versions of this figure were published previously (for example in 19 and 64) , and all of them are refinements of the pioneering work on rhodopsin topology by Paul Hargrave (144, 145) . (b) Location of the chromophore and charges on the cytoplasmic and intradiscal (extracellular) surface of rhodopsin in relation to the hypothetical membrane bilayer. The negative charges (red ) and basic residues (blue) are shown. The proposed location of the membrane is shown in gray, and the location of the chromophore 11-cis-retinylidene is shown by deleting fragments of transmembrane helices. Two sides of rhodopsin are depicted.
bending around Gly-Pro residues, and they tilt at various angles with respect to the expected membrane surface, as described elsewhere (20, 64) . The strongest distortion is imposed by Pro 267 in helix VI, one of the most conserved residues among the GPCRs. "plug" for the chromophore-binding pocket (Figure 4b ). This globular domain is formed by residues 1 to 33, the short loop of residues 101-105, "plug" residues 173-198 between helices IV and V, and residues 277-285 between helices VI and VII (Figure 2a) . The Asn 2 and Asn 15 residues are the glycosylation acceptor sites for GlcNAc-(β1,4)-GlcNAc-(β1,4)-mannose (Figures 2a and 4a) . There are four extracellular structural elements associated significantly with each other (pairs of β1-β2 and β3-β4 hairpins) (Figure 4b) (Figure 2a) . Light-cycle of rhodopsin. (a) Rhodopsin and 11-cis-retinal. Rhodopsin consists of a colorless protein moiety (the opsin) and the chromophore, 11-cis-retinylidene, which imparts a red color to rhodopsin. The chromophore, a geometric isomer of vitamin A in aldehyde form, is coupled to opsin via the protonated Schiff base at Lys 296 , located in the transmembrane domain of the protein. Bovine rhodopsin absorbs at a λ max = 498 nm. (b) Photoactivated rhodopsin. Absorption of light by rhodopsin leads with high probability (∼65%) to photoisomerization of the cis C 11 -C 12 chromophore double bond to a trans configuration. The probability of isomerization depends only modestly on the wavelength of the light (146) . This reaction, one of the fastest photochemical reactions known in biology, produces multiple intermediates that culminate in the formation of the G protein-activating state, termed metarhodopsin II, or Meta II. (c) Opsin without chromophore. Ultimately the photoisomerized chromophore, all-trans-retinylidene, is released from the opsin as all-trans-retinal and reduced to alcohol by short-chain alcohol dehydrogenases, such as prRDH, retSDR, and RDH12. The all-trans chromophore diffuses to the adjacent retinal pigment epithelium, where it undergoes enzymatic transformation back to 11-cis-retinal in a metabolic pathway known as the retinoid cycle. Opsin recombines with replenished 11-cis-retinal to form rhodopsin. (d ) Reaction scheme of rhodopsin photoactivation. Upon absorption of a photon by rhodopsin and electronic excitation, fast isomerization of 11-cis-retinylidene to all-trans-retinylidene takes place. At body temperature, the Meta I and Meta II exist in equilibrium shifted toward Meta II. In vitro, further decay of rhodopsin to both opsin and free all-trans-retinal or to Meta III is possible. In vivo, Meta III is not formed at significant levels because it decomposes in the presence of G protein transducin (147) . In vitro, prolonged incubation of Meta II involves a thermal isomerization of the chromophore double bond with Lys 296 to an all-trans-15-syn configuration. This isomerization step is catalyzed by the opsin itself (148) . On the left are maximal temperatures at which indicated intermediates can be trapped, and on the right is time required for that particular transformation. In the brackets are λ max of absorption for different intermediates. The reaction scheme is based on Shichida & Imai [ (149); see also the thermodynamic properties of these reactions (19) ]. the NPXXY sequence (NPVIY in rhodopsin) near the cytoplasmic end (10), which is likely to be involved in G protein coupling (72) (Figure 2a) 73 and is engaged in the interhelical hydrogen-bonding constraints between helix VII and helix II. These interactions most likely occur through water molecules.
CHROMOPHORE OF RHODOPSIN
Rhodopsin of the rod cell and other visual pigments of the cone cells contain the 11-cisretinal chromophore, bound via a protonated Schiff-base linkage to a Lys side chain (Lys 296 in bovine rhodopsin) in the middle of helix VII (Figures 2a, 4) . The interaction between the protein moiety and the chromophore produces a specific absorption shift for visual pigments compared with the retinal protonated Schiff-base model compounds formed between alkylamines and retinal, which absorb light maximally at ∼440 nm. In addition to the retinal cavity formed by helices of the transmembrane segment, an antiparallel β sheet of the plug, the part of extracellular loop II that includes Glu 181 , penetrates deep into rhodopsin's interior, close to the chromophore. The retinylidene moiety is located closer to the extracellular side in the hypothetical lipid bilayer (Figure 2b) . The counterion for the protonated Schiff base is provided by Glu 113 , which is highly conserved among all known vertebrate visual pigments. Kim et al. (73) reported that this salt bridge, formed between a protonated Schiff base and Glu 113 , is a key constraint in maintaining the resting state of the receptor and that disruption of the salt bridge is the cause, rather than a consequence, of the helix VI motion that occurs upon photoactivation. The counterion has two other important functions: (a) It stabilizes the protonated Schiff base by increasing the K a for this group by as much as 10 7 , thus preventing its spontaneous hydrolysis (reviewed in 74); and (b) it causes a bathochromic shift in the maximum absorption for visual pigments, which makes them more sensitive to longer wavelengths because UV light is filtered out by the front of the eye in most animals. The 11-cisretinylidene group is surrounded by the 20 residues depicted in Figure 5 .
The energy of a photon enables protein conformational changes that culminate in the formation of active Meta II, which can be considered analogous to the agonist-bound state CHROMOPHORE George Wald and his Harvard colleagues were the first to reveal that rhodopsin contains two distinct components, a colorless protein termed opsin and a yellow pigment, 11-cis-retinal, that serves as its chromophore. In 1933, following a hunch that rhodopsin might contain a carotenoid, Wald isolated vitamin A from retinal tissue, a finding consistent with literature linking night blindness with vitamin A deficiency. At the time, little was known about the biochemical roles played by vitamins. Using frog retinal extracts in fat solvents, Wald proceeded to show that rhodopsin and its orange bleached intermediate both released a yellow material he termed retinene, which was then replaced by vitamin A as the purplish retinal color faded. Retinene (retinal) proved to be vitamin A aldehyde and could be mixed in the dark with bleached rhodopsin or with opsin to regenerate fresh rhodopsin. Wald's team later showed that only the bent 11-cis-isomer combined with opsin to form rhodopsin. Wald received the 1967 Nobel Prize in Physiology and Medicine for characterizing the molecular components of vision and discovering the biochemical role for vitamin A. of many ligand-binding GPCRs. Recently, Ernst and colleagues (75) demonstrated that cis acyclic retinals, lacking four carbon atoms of the β-ionone ring, can only partially activate rhodopsin when photoisomerized. Detailed analysis of rhodopsin regenerated with these acyclic retinals revealed that a lack of the ring structure destabilizes the active state. This study describes for the first time the molecular mechanism of activation by a partial agonist, a mechanism that possibly extends to other GPCRs.The partial agonism is due to instability of the only partially active state of the receptor.
RECENT STRUCTURAL DATA ON RHODOPSIN
Progress continues in further refining the structure of rhodopsin and obtaining new details of intermediate photobleaching states. Okada and colleagues (66) investigated the functional role of water molecules in the transmembrane regions of bovine rhodopsin.
Figure 5
The amino acid residues in the vicinity of the chromophore. (a) Schematic showing the side chains surrounding the 11-cis-retinylidene group ( pink); side view through helices III, V, and VI. (b) Schematic presenting the residues within 5Å distance from the 11-cis-retinylidene group ( pink). Note that the chromophore is coupled via the protonated Schiff base with Lys 296 .
They successfully improved the original rhodopsin crystals, increasing their resolution to 2.6Å. This improvement led to unambiguous differentiation between water molecules and Zn 2+ used for rhodopsin purification. Seven water molecules were found in the transmembrane segment. The cluster 1 containing water molecules 1a, 1b, and 1c is linked to Asn 302 and Asp 83 in helix II and a residue of the NPXXY motif of the helix VII. The second cluster, containing water molecules 2a and 2b, is located in the vicinity of the retinal Schiff base. Water molecule 2a is located between the side chains of Glu 181 and Ser 186 in the vicinity of the counterion Glu 113 . Water molecule 2a may play a key role in transferring the counterion from Glu 113 in rhodopsin to Glu 181 in Meta I (76) (Figure 5a,b) . A similar switch of counterions was proposed for the UV visual pigment (77) . Water molecule 3 is surrounded by the peptide main chains of helices VI and VII, and water molecule 4 facilitates interaction between helices I and II at the cytoplasmic surface. It is expected that water molecules play a key role in visual pigment spectra sensitivity (response to a specific wavelength of light), conformational changes during activation, and transmission of the signal from the photoisomerized chromophore to the D(E)RY and NPXXY regions on the cytoplasmic surface of rhodopsin during photoactivation (for example 19 and 20) . In invertebrate rhodopsin, the counterion of the Schiff base is a residue, which corresponds to Glu 181 (78) , the proposed counterion of Meta I in vertebrate rhodopsin (76) .
A major contribution to our understanding of how rhodopsin works at the molecular level was made by the Schertler laboratory. Krebs et al. (79) , using electron cryomicroscopy of two-dimensional crystals with p22 1 2 1 symmetry, produced a rhodopsin map with a resolution of 5.5Å in the membrane plane and 13Å perpendicular to the membrane, obtaining information about the orientation of the molecule relative to the bilayer.
Li et al. (67) generated new three-dimensional crystals of highly purified rhodopsin, using C 8 E 4 (n-octyltetraoxyethylene) and LDAO (N,N-dimethyldodecylamine-N-oxide) detergents with Li 2 SO 4 and PEG 800 as precipitants. The crystals belong to the trigonal space group P3 1 and diffract to 2.55Å. The rhodopsin structure has been determined using data obtained from these crystals (67) . As in the previous studies, ordered water molecules were found, for example, linking Trp 265 in the retinal-binding pocket to the NPXXY motif and stabilizing the Glu 113 counterion with the protonated Schiff base at the extracellular surface. The cytoplasmic ends of helix V and helix VI are extended by one turn, distinguishing this structure from ones previously determined (Figure 6a-c) . However, the cytoplasmic loops have the highest temperature factor (B factor), a measure of certainty of a location of an atom within the crystal structure, in all crystal structures (Figure 6d,e) , suggesting flexibility in this region in addition to the possibility of a crystal-packing artifact. Ruprecht and coworkers (80) used electron crystallography to determine a density map of Meta I to a resolution of 5.5Å in the membrane plane, and this suggested that Meta I formation does not involve large helical movements. They provided some evidence that the changes in Meta I involve a rearrangement close to the bend of helix VI in the vicinity of the chromophore-binding pocket. The spectra of these crystals studied with Fourier transform infrared difference spectroscopy revealed that the formation of the active state, Meta II, is blocked in the crystalline environment, as indicated by a lack of spectral features in Meta II and a lack of activation of the G protein transducin (81) .
Buss and colleagues (65) used a theoretical study of the chromophore geometry in combination with rhodopsin crystals that diffracted to 2.2Å to focus on the conformation of the chromophore, providing new insight into the twist of the 6-s-cis-bond and the C 11 -C 12 double bond (65) . The comparison of these structures is depicted in Figure 6a -c. The panels in this figure reveal differences in the structure only at the flexible cytoplasmic region of rhodopsin (Figure 6b,c) , characterized by large B factors (Figure 6d,e) .
Creemers and colleagues (82) determined the complete 1 H and 13 C assignments of the 11-cis-retinylidene chromophore in its ligandbinding site using ultra-high field magicangle-spinning NMR. A gallant synthesis of 99% enriched uniformly 13 C-labeled 11-cisretinal by Lugtenburg's laboratory made this work possible (83 (82) .
High-resolution solid-state NMR studies of the Meta I photointermediate are in agreement with the electron microscopy data (84) . The β-ionone ring retains strong contacts in its binding pocket prior to activation of the receptor without any major protein rearrangements around the chromophore-binding site. Further studies reveal an increase in steric clashes and an adjustment of the protein structure in Meta II, without substantial changes in the location of the all-trans-retinylidene chromophore (85) . These results are at odds with another NMR study and biochemical studies that predict changes in the location of the chromophore during transition to Meta II (86, 87) .
Patel et al. (88), using solid-state magicangle-spinning NMR spectroscopy, found that Trp 126 and Trp 265 become more weakly hydrogen bonded during the transformation of rhodopsin to Meta II and that both the side chain of Glu 122 and the backbone carbonyl of His 211 are disrupted in Meta II. Clearly, the full picture of rhodopsin transition from an inactive to active state will require a highresolution structure of Meta II obtained by X-ray crystallography.
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The isomerization of 11-cis-retinylidene is followed by hydrolysis of the photobleached product all-trans-retinylidene and the subsequent release of all-trans-retinal from the binding pocket (Figure 3a-c) . The rapid regeneration and recombination of 11-cisretinal with opsin restores dark conditions to permit subsequent photon absorption, allowing our vision to work in an uninterrupted manner. Perhaps the same key residues involved in isomerization are involved in the hydrolysis process, such as Glu 113 and Glu 181 via the carbinol ammonium ion (Figure 7a) , and in a coupling reaction between 11-cisretinal and opsin (Figure 7b) . To form the Schiff base, Lys 296 must be deprotonated, the carbonyl group must be polarized, and water excluded or organized in the chromophorebinding site. This mechanism or alternative proposals require rigorous experimental analysis to reveal the correct mechanism. Another challenging question in studies of the rhodopsin cycle is how the chromophore inserts in and out of the binding pocket. Hofmann and colleagues (89) proposed that, in addition to the retinylidene pocket (site I), there are two other retinoid-binding sites within opsin. Site II is an entrance site to the binding site involved in the uptake signal, and the exit site (site III) is occupied when retinal remains bound after its release from site I. This chromophore-channeling mechanism, movement of the chromophore from one to another site in a sequential way, is supported by the rhodopsin crystal structure, which unveiled two putative hydrophobic-binding sites. Importantly, this proposed mechanism enables a unidirectional process for the release of a photoisomerized chromophore and the uptake of newly synthesized 11-cis-retinal for the regeneration of rhodopsin. Arrestin, the capping protein that binds to activated phosphorylated rhodopsin and blocks G protein (transducin) activation, may play an important role in chromophore release. Farrens and colleagues (90) showed that arrestin and all-trans-retinal release are linked and require similar activation energies.
DIMERIZATION OF RHODOPSIN
Rhodopsin has been visualized in the native disk membranes by atomic force microscopy and transmission electron microscopy under various temperatures and other conditions (91) (92) (93) . Rhodopsin was found to form rows of dimers containing densely organized higher-order structures. Moreover, native and denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis, chemical cross-linking, and proteolysis experiments corroborated that rhodopsin consists mainly of dimers and higher oligomers in disk membranes (94, 95) . Rhodopsin dimerization was also observed by luminescence and fluorescence resonance energy transfer approaches, using fluorescently labeled rhodopsin samples in an asolectin liposome-reconstituted system (S.E. Mansoor, K. Palczewski, and D.L. Farrens, unpublished findings). Medina and colleagues (91) reported that rhodopsin and photoactivated rhodopsin retained a dimeric quaternary structure in n-dodecyl-β-maltoside. Jastrzebska et al. (95) found also that the dimeric structure is preserved in low concentrations of this detergent. Understandably, static techniques such as atomic force microscopy and transmission electron microscopy may not reflect the kinetic aspects of formation and disassembly of these higherorder structures. and three-dimensional representation (e) of the B factor for rhodopsin structures from three data sets. The B factor is also known as the temperature factor or Debye-Waller factor and describes the degree to which the electron density is spread out, indicating the static or dynamic mobility of an atom or incorrectly built models. In panel d, the orange line represents 1HZX, the purple line represents 1GZM, and the gray line represents 1U19. In panel e, spectral grading of the B factor, green represents a low B factor, and red indicates the highest B factor. Note that the loop II is incomplete in 1HZX because of ambiguity in the electron density, and this region in the 1GZM set has the highest B factor. Reconstitution of rhodopsin into twodimensional crystals produces dimers where both rhodopsin molecules are correctly oriented, but the dimers contact other dimers that are rotated 180 o along their long axis in their orientation (for example, see [79] [80] [81] . The dimerization of rhodopsin can explain the autosomal dominant character of rhodopsin mutants, e.g., P23H rhodopsin. A cell line expressing P23H mutant rhodopsin retains both the mutant and wild-type proteins in intracellular inclusion bodies (109) .
In a first approximation, these results are in conflict with a model of rapidly diffusing and rotating rhodopsin in homogenous fluid disk membranes and lack of any symmetry within ROS as determined by low-resolution neutron diffraction (96) (97) (98) (99) (100) . In addition, the concept of rapidly diffusing monomeric molecules is also at variance with the dimeric forms of other GPCRs (101, 102) , although diffusible dimers could be compatible with these recent structural and biochemical results and earlier biophysical measurements. Oligomerization of GPCRs has been a very active research area recently (102) (103) (104) (105) (106) (107) , resulting in strong evidence that the higherorder structures play a central role in GPCR signal transduction and desensitization (108) .
INTERACTION OF RHODOPSIN WITH G PROTEIN
A model was generated for the interaction of photoactivated rhodopsin with G protein (110) . This model, the so-called IV-V arrangement of rhodopsin in the membranes (Figure 8a) , is based on a structure of rhodopsin determined from X-ray crystallography and on the dimensions of rhodopsin found by atomic force microscopy in the native ROS membrane (111) . The model proposes that rhodopsin molecules in the dimer contact each other via transmembrane helices IV-V. Activation of the dimer is accompanied by changes within helix VI and the NPXXY region of only one rhodopsin molecule within the dimer (72) . Particularly interesting is the interaction model of photoactivated rhodopsin with transducin. This model of G protein activation considers the size of partner proteins, structural constraints, and organization of GPCRs in the membranes. The N-and C-terminal regions of transducin's α-subunit are engaged in the interaction with photoactivated rhodopsin (112) (113) (114) . Only a narrow region of transducin containing hydrophobic posttranslational modification of α-(myristoylation) and γ-subunits (farnesylation) anchors this protein to the membrane, and the remaining protein surface is available to interact with rhodopsin molecules (115) . The C-terminal tail binds to the inner face of helix VI in an activation-dependent manner (114) in a configuration (116) , consistent with our model. This model, for which a short movie is available (106), reveals structural details about the critically important interface between a GPCR and a G protein. The IV-V model suggests that the view of GPCR signaling of oligomers of G protein and the receptors put forward by Rodbell (117, 118) are consistent with the structural evidence. Although not every detail may withstand experimental scrutiny, the general concept is probably correct. Our model is in substantial agreement with the transactivation of family A GPCRs, employing fusion proteins between active and inactive receptors and G proteins (119) and the identified pentameric complex between dimeric leukotriene B4 receptor BLT1 and heterotrimeric Gi (120) . The studies on the chimeric rhodopsin/β2-adrenergic receptor clearly confirm that specificity for G proteins is confined to the cytoplasmic surface. In the chimera, the surface of rhodopsin or β2-adrenergic receptor undergoes changes as a result of chromophore isomerization and recruits the G protein (121) . These studies are reminiscent of the innovative and insightful work of Kobilka et al. on chimeras of adrenergic receptors (122) , which led to the Models of GPCR dimerization. (a) Top view from the cytoplasmic side of the rhodopsin dimer. The model was generated by Dr. S. Filipek using structural constraints of rhodopsin and experimental data obtained by atomic force microscopy on the organization of rhodopsin in native membranes (33, 92, 93, 110, 111) . This model is in agreement with cross-linking experiments (94) . Photoactivated rhodopsin is depicted in yellow (Rho * ), and rhodopsin is shown in pink. The acidic residues are shown in red and basic residues in blue. This cytoplasmic surface is involved in the interaction with G protein transducin. (b) The crystal structures of extracellular domains of different GPCRs. Crystal structures of the extracellular domains of the frizzled 8 receptor, the follicle-stimulating hormone (FSH) receptor, and the Glu receptor revealed that the extracellular domains formed a dimer. These structures may represent a physiological dimer that would stabilize the transmembrane domain and result in a dimeric platform for interaction with G proteins and other partner proteins. Protein Data Bank accession numbers are shown in parentheses. Panels a and b are not drawn to the same scale.
identification of major determinants of ligand and G protein specificities.
CONCLUSIONS AND PERSPECTIVES
Studies on rhodopsin continue at a rapid pace, as is evident in this account of recent progress. The key questions that require further investigation include the following: This is an ambitious set of goals that will keep rhodopsin studies at the cutting edge of GPCR research. An image of the photoactivated structure of rhodopsin appears to be achievable by Xray crystallography. The question that will inevitably need to be answered is whether this crystal structure will accurately reflect the conformation of photoactivated rhodopsin in membranes. Possibly, activated rhodopsin forms a constellation of conformations (106) . Obtaining a high-resolution structure of the complexes between rhodopsin and its partner proteins transducin and arrestin is a paramount challenge, but it will yield major insight into how rhodopsin and other GPCRs work. What is the role of rhodopsin dimerization during signaling, biosynthesis in ER and ROS formation, and degradation? Dimerization of rhodopsin, like other GPCRs, may positively or negatively modulate G protein coupling (see for example 106 and 123) . Because of the transient nature of the photoactivated rhodopsin-rhodopsin kinase complex, an image of this complex will be achieved when breakthroughs in biochemical techniques allow stabilization of the complex.
Great progress is anticipated in understanding the mechanism of rhodopsin regeneration and photoisomerized chromophore release. The methodology is well developed (e.g., see 89, 124, and 125) , and fast kinetic recording devices are available. Activation of a single rhodopsin molecule reliably triggers the enzymatic events of the phototransduction pathway. A precise structure and kinetic base model of a single molecular event is needed. Moreover, at such low bleaches, a specific tunneling of the chromophore from one binding site to another must take place in order for it to be reduced by dehydrogenase, or for 11-cis-retinal to locate and bind to bleached opsin if the regeneration takes place under such conditions. The dehydrogenase responsible for reduction of all-transretinal is under investigation (e.g., see 126 for recent discussion).
The way in which the transmembrane core and extracellular plug structure of rhodopsin is held together will provide clues as to why so many mutations in this region cause rod degeneration (127) . Some of these mutations may cause problems with membrane insertion or with maturation of rhodopsin during biosynthesis, and some may lead to opsin instability or to novel conformations. For example, the Thr4Arg mutation destabilizes opsin (128) , causing light-dependent degeneration of the retina (129) , and the Thr94Ile mutation is linked to thermal instability (130) . Interestingly, a pharmacological chaperone may stabilize mutant proteins (131-133), a phenomenon which must be explored further in animal models of retinitis pigmentosa. Opsin unfolding can be studied by atomic force spectroscopy, as was exemplified for bacteriorhodopsin (134).
The biological lifetime of rhodopsin was previously impossible to study because rod cells, which are postmitotic neurons, cannot be cultured while maintaining the proper morphology of a tight link between photoreceptors and the adjacent retinal pigment epithelium, essential for their functioning (12) . These problems have now been overcome by two major technical innovations, in vivo two-photon fluorescent microscopy, which can noninvasively penetrate the sclera of the eye (135, 136) , and genetically engineered mice (137) . Green fluorescent protein-tagged rhodopsin can be now traced in truly in vivo conditions.
Progress in structure determination of the extracellular domain of several GPCRs (Figure 8b) illustrates that, although the general topology of GPCRs is conserved, the extracellular domain has evolved to provide the most specific platform for activation by agonists, and the cytoplasmic domains may contain common structural features because of their interaction with structurally conserved G proteins, arrestins, and GPCR kinases. The cytoplasmic surfaces allow individual receptors to be differentially and selectively regulated. Even though rhodopsin is a prototypical model system for the other GPCRs, progress on the structure of other receptors, including transmembrane domains, will add a new molecular understanding of receptor function. Thus, the study of rhodopsin and other GPCRs is poised for an exciting expansion in which many concepts will be challenged and new ones will emerge, ultimately leading to a fundamental understanding of the process of cellular signaling.
SUMMARY POINTS
1. The structure of rhodopsin provides the fundamental basis for understanding how this G protein works. The importance of rhodopsin arises from its primary role in vision and also from being part of a large family of cell surface receptors termed G protein-coupled receptors or TM7 receptors.
2. New X-ray and NMR data provide additional detailed information on the conformation of the chromophore, alternative loop conformation, and the first view of the Meta I rhodopsin intermediate, as well as additional molecular particulars of rhodopsin structure and function.
3. Like most or all other G protein-coupled receptors, rhodopsin displays a propensity to oligomerize. This property appears to be fundamental in the function and interaction of these receptors with their partner proteins. 4 . New details are emerging on how rhodopsin interacts with G protein transducin. However, we are still far from having a comprehensive molecular picture of the coupling of these two proteins.
5. An extensive list of additional challenges to understanding how rhodopsin works is presented. Our understanding of many basic features of rhodopsin in the context of the rod cell awaits further intellectual and technical developments. 
FUTURE ISSUES TO BE RESOLVED
1. The changes in structure that transform rhodopsin from its inactive to active conformation capable of interacting with partner proteins should be determined.
2. High-resolution structures of the complex formed by the photoactivated monomer or dimer of rhodopsin and G protein transducin and the complex formed by the photoactivated phosphorylated monomer or dimer of rhodopsin and arrestin (or its splice form) should be identified.
3. The role of GPCR dimerization and its functions during signaling and desensitization should be explained.
4. The mechanism of all-trans-retinal's release and regeneration as 11-cis-retinal should be identified.
5. The cell biological cycle of rhodopsin, including synthesis, intracellular transport, phagocytosis, and degradation, should be determined.
